INTRODUCTION
The PDQeX system uses a radically different approach to DNA extraction compared with current laboratory methods. It harnesses activities from a range of enzymes extracted from extremophiles coupled with thermoresponsive plastics to extract DNA from samples without the use of centrifugation or harsh solvents. This system has already been demonstrated for PCR, qPCR and STR analysis in human tissue samples [1] ; however, it was unknown whether it was compatible with high throughput sequencing. This uncertainty rests on two aspects of the PDQeX system. First, the final extrusion step heats the sample to 95°C; potentially denaturing DNA. Second, buffer components required by the PDQeX process remain in the DNA sample. These buffer components distort 260/230 and 260/280 ratios used as traditional measures of DNA purity.
The PDQeX is a three-component system combining a powerful enzyme-driven extraction chemistry [2] with an innovative extractor cartridge and a temperature control unit [3] . The extraction chemistry consists of a cocktail of thermophilic proteinases and mesophilic cell wall degrading enzymes that systematically lyse cells, destroy nucleases, digest proteins and release nucleic acids. The extractor cartridges, made from thermoresponsive polymers, not only facilitate extraction but also remove enzyme inhibitors from extracts ( Figure 1 ). The temperature-controlled extraction is performed in a chamber at the top of the cartridge. The temperature used to activate the protease also leads to a pressure increase in the closed tube, forcing the extract through a heat-burstable valve and a proprietary purification matrix housed at the bottom of the cartridge. The purification segment removes cell debris, inhibitory polyphenols and polysaccharides. This single-step closed system setup allows for rapid, hands-free preparations of DNA without the danger of cross-contamination.
A side -by -side whole -genome sequencing comparison of DNA prepared using the PDQeX and a standard column method, QIAGEN DNeasy, was proposed. Six thermophilic aerobes with varied cell wall morphologies and growth optima were chosen from the ZyGEM NZ Ltd culture collection. Meiothermus ruber, Thermus sp. and Thermus filiformis are Gram-negative. Two Geobacillus sp. and Alicyclobacillus sp. are Gram-positive. Alicyclobacillus is also an acidophile with optimal growth at pH 3. All other strains grew optimally above pH 7. All sequencing and analyses were performed blind to both extraction method and bacterial species to prevent unconscious bias.
MATERIALS & METHODS

Selection, growth & maintenance of bacterial cultures
Details for each of the bacteria used in this study are given in (Table 1) . Petri dishes were sealed with cling film and placed in zip-lock bags with a moist paper towel to prevent drying. 5-day-old growths were used for DNA extraction because some strains grew slower than others.
DNA EXTRACTION & Q UANTIFICATION
Sample preparation
Two sterile inoculation loops (∼3 mm 2 each) of plated culture were resuspended in 200 μl of ultrapure water in a 1.5-ml microcentrifuge tube and mixed by pipetting. Half of the bacterial suspension (100 μl) was used for the PDQeX bacterial extraction protocol and the other used for the QIAGEN DNeasy Blood and Tissue kit (QIAGEN, Hilden, Germany) bacterial extraction protocol, ensuring that the same amount of starting material was used for both protocols.
Reagents and chemicals described below are proprietary formulations of ZyGEM NZ Ltd and QIAGEN Ltd.
DNA extraction using the PDQeX protocol
The PDQeX Bacteria kit from ZyGEM NZ Ltd was used as per manufacturer's instructions. Briefly, to 100 μl culture, 400 μl of 1x WASH Buffer was added and vortexed v igorously to disperse cells. The WASH buffer reduces polysaccharides and prewashing improves extractions from capsulated bacteria and bacteria producing exopolysaccharides. The cells were centrifuged at 10,000 rcf for 5 minutes and all the supernatant was removed. The pellet was resuspended in extraction mix: 10 μl of 10x GREEN PLUS buffer, 2 μl of prepGEM, 2 μl of Lysozyme (10 mg ml -1 ) made up to 100 μl with ultrapure water. Lysozyme can be omitted for Gram-negatives but was included for all the strains in this study. The extraction mixture was dispensed into PDQeX extractor cartridges and run through the following protocol in the PDQeX 2400 device: 37°C for 5 min, 75°C for 5 min and 95°C for 2 min. At the end of the program, extracts containing purified bacterial DNA were collected in 0.2-ml PCR tubes in the PDQeX collection tray. Extracted DNA was adjusted to 1xTE buffer (10 mM Tris, pH 7.5, 1 mM EDTA) and stored at 4°C.
DNA extraction using the QIAGEN protocol
The bacterial DNA extraction protocol described in the QIAGEN DNeasy Blood and Tissue handbook was followed without deviations. For Gram-positive strains, 100-μl cultures were centrifuged for 10 min at 6000 rcf and the pellet resuspended in 180-μl enzymatic lysis buffer (20 mM Tris-Cl pH 8, 2 mM Na EDTA, 1.2% Triton ® X-100, Lysozyme 20 mg/ml). This was incubated for 30 min at 37°C. For Gram-negative strains, the pellet was resuspended in the 180 μl of ATL buffer. 25 ml of Proteinase K and 200 μl of AL buffer were added to the samples, mixed and incubated for 30 min at 56°C. To this was added 200 μl of 100% ethanol. The mix was vortexed and transferred into a DNeasy Mini spin column placed in a collection tube, followed by centrifugation for 1 min at 6800 rcf. The column was then washed with 500 μl AW1 and then 500 μl AW2 buffers, centrifuging each time for 1 min at 6800 rcf. The column was placed in a sterile Eppendorf tube, 100 μl AE buffer added and centrifuged for 1 min at 6800 rcf to elute purified bacterial DNA.
DNA quality assessment & q uantification
To assess quality of the DNA, electrophoresis of extracts was carried out on 2% Agarose (Bioline Ltd, London, UK) in 1x TBE buffer (Duchefa Biochemie, Haarlem, The Netherlands) (Supplementary Figure 1) . Quantification of the extracts was carried out using the fluorometric iQuant ™ High Sensitivity dsDNA quantification kit following manufacturer's instructions (GeneCopoeia Inc., MD, USA). Six pairs of extracts were selected based on longest fragment length integrity coupled with highest DNA concentration. Samples were coded to blind the sequencing team to extraction method, species and strain. All samples were sent from Hamilton (North Island, New Zealand) to Dunedin (South Island, New Zealand) as a single shipment. On arrival, samples were re-checked for integrity using 2% agarose E-Gel (Cat#G501802, Invitrogen), and DNA concentrations determined using the Qubit dsDNA HS Assay Kit (Cat# Q32851, Invitrogen).
Ion Xpress Library preparation
DNA was fragmented using the Ion Shear Plus Reagent as per manufacturer's instructions. Sequencing libraries were prepared using the Ion Xpress Plus gDNA Fragment Library protocol with E-gel Size-Select II Aga rose Ge l 2% size -se le c tio n (Cat#G661012, Invitrogen), the Ion Xpress Plus Fragment Library Kit (#4471269, Life Technologies) and Ion Xpress Barcode Adapters (#4471250, Life Technologies). 100 ng starting material was used for all samples except sample 2, which used 84 ng due to its low concentration. The concentration, yield and fragment size distribution of all 12 prepared DNA libraries were checked using a High Sensitivity DNA assay on the Agilent 2100 Bioanalyser (Agilent Technologies, CA, USA).
Three barcodes were used between all 12 sample libraries. Pooled sets of three barcoded libraries were sequenced on four 
Data analysis
Sequence from each barcoded library was separated into different data files automatically on the Ion PGM. Sequence read quality was evaluated using FastQC v 0.113 (www. bioinformatics.babraham.ac.uk/projects/ fastqc/) and the FASTX-toolkit v 0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/ index.html) was used to remove potential adaptor sequences with a read length <50bp, and any low-quality reads containing <40% of bases with a Phred score of ≥25. All reads that remained following quality filtering were de novo assembled using Geneious v 9.1.5. Contigs generated from the assemblies were analyzed by BLAST using NCBI (www.ncbi. nlm.nih.gov) to give a list of the most closely related bacterial reference sequences in GenBank. In a second analysis, quality filtered sequence reads were mapped to each bacterial reference sequence. Read length data were statistically analyzed with one-way ANOVA, while number of sequence counts were analyzed with Poisson regression using the software package Stata.
RESULTS
A total of 18 bacterial genomic DNA extractions using both methods were performed simultaneously: six strains extracted in triplicate (Supplementary Figure 1) . Using the PDQeX method, the full protocol including prewash and a single transfer step took under 30 mins. The whole extraction was performed in a closed extractor cartridge with no handling of sample post preparation. By contrast, the QIAGEN bacterial extraction method took over 2 h, including two incubations and several pipetting, transfer and centrifugation steps, increasing the possibility of contamination (Figure 2) .
Six pairs of DNA samples, one from each extraction method and species, were coded and sent to the sequencing team located in a different city, for Ion PGM sequencing (Table 2) . At the time of sequencing and analysis, the sequencing team only knew the sample code number and were blind to bacterial species and extraction method. DNA fragment libraries were constructed from each sample and Ion PGM sequencing performed. Four pools of three barcoded libraries were sequenced on a total of four Ion 316v2 chips. This limited the number of barcodes used across the experiment with equal numbers of libraries constructed from either PDQeX or QIAGEN tagged with each barcode.
Library and sequence run metrics are given in Table 3 (datasets available on request). The mean read length for each library ranged from 234 to 273 bp and the number of quality filtered reads ranged from 423,677 for sample 2 to 2,195,989 for sample 1. Between 95 and 98% of raw reads remained post quality filtering, testament to the raw sequence data quality. Although the sample size was small, a Poisson regression analysis suggested there was a barcode-introduced bias in the number of sequence counts (p < 0.001). This suggested bias did not extend to sequence data quality as represented by the lack of statistical difference in sequence read length between libraries and barcodes (Supplementary Table 1) .
Geneious de novo assembly statistics are given in Table 4 . All sequence data files could be assembled except Sample 1. The longest contig of each assembled genome was BLAST searched against the NCBI database and sequence matches used to identify closest bacterial species (Table 2) . Samples were paired based on match to the closest reference sequence. Five paired de novo assembly statistics were sent to two groups of genome scientists not associated with this project (Group A and B), who were asked to rank each pair of assemblies based on criteria they usually use for their own research projects. A weighted point-scoring system was used to assess which data set was scored as 'best'. QIAGEN-extracted DNA was scored as 'best' for two bacteria and three were scored 'best' for the PDQeX (Table 4) . Unweighted preference scores are given in Supplementary Table 2 .
Coverage depth and sequence distribution were evaluated by mapping each of the 12 data sets against the six corresponding reference genomes identified in GenBank. As shown in Figure 3 , the distribution pattern of mapped reads across each genome was similar for each matched pair of samples indicating that DNA extraction method did not appear to skew sequence distribution. Similarly, the percentage of reads that mapped to its reference was almost identical between each pair of samples. Uniformity of coverage score assigned by the Ion Torrent Coverage Analysis Plug-in was also similar between all sample pairs except for M. ruber (PDQeX 77.55% vs Qiagen 91.59%); however, the average depth of coverage was higher for PDQeX (100.5) verses QIAGEN (85.34) for this species.
For DNA pair 1 and 2, approximately 16% of filtered raw reads mapped to the A. acidocaldarius reference regardless of DNA extraction method, initially suggesting that this sample may not originate from a pure culture. To test this, 200,000 reads from each dataset were used to search against the NCBI nucleotide database, using BLAST+ (version 2.7.1), and program defaults limited to five target sequences per read (-max_ target_seqs 5). The output was imported into MEGAN version 6 [4] to evaluate taxonomic classification. The compare tool (with normalized reads) in MEGAN was used to determine differences between the two samples. The majority of sequences from both sample 1 and 2 mapped to the genus Alicyclobacillus, suggesting that these samples are not from a mixed culture but from an organism new to GenBank (Supplementary Figure 2 ).
DISCUSSION
Isolating nucleic acids from complex matrices continues to be one of the important rate-limiting steps in molecular biology. The adage of garbage-in garbageout applies well for most downstream analytics. The PDQeX (ZyGEM NZ Ltd) extraction system is a reinvention of DNA purification from sample for use in downstream molecular biology processes. Although rapid, this extraction methodology is effective in both isolating nucleic acids and minimizing enzymatic inhibition as shown in successful qPCR assays [1] [Author, Unpublished Data]. However, as one of the final steps in the PDQeX process involves heating and the 260/280 ratio of extracts deviates from other technologies, the question of whether DNA prepared using this method was suitable for whole-genome sequencing needed to be addressed.
To determine whether PDQeX-extracted DNA was compatible with high-throughput sequencing we designed a whole-genome sequencing experiment using six bacterial species with different growth optima, cell wall morphologies and Gram staining status. All sequencing and sequence metrics comparisons were performed blind to DNA extraction method to protect against unconscious bias. In addition, data were reviewed and called by a team of genome scientists not associated with the project with only limited information on each pair of sequence metrics they were asked to score. On all measures of perfor- The simplicity of the PDQeX system led to notable advantages over the QIAGEN extraction kit. First, the PDQeX extraction took significantly less time than QIAGEN: 30 min compared with 2 h. In addition, most of the processing time for the PDQeX was hands-off as, once sample was added to the PDQeX extraction tube, it was simply incubated with no further manipulations required. Second, the reduction in handling and pipetting steps made the PDQeX easier to use and reduced the potential for sample contamination. Whole -genome sequencing is critically dependent on the character of the DNA sample. Anything that reduces the potential for sample cross-contamination enhances the value of the overall outcome.
Only one of the sequence data sets failed to de novo assemble due to time-out of the bioinformatics computing system we used. This was Coded Sample 1 from bacteria ZCC225 A. acidocaldarius. Sequence data from its pair, Coded Sample 2 could be assembled. It is significant that the sequencing library made from Sample 2 started with less DNA (84 ng compared with 100 ng for all other libraries) and that this was reflected in a lower number of reads Bacteria from the ZyGEM NZ Ltd culture collection had originally been identified based on a combination of physical and metabolic characteristics and closest relatives from 16SrDNA sequences [Author, Unpublished data]. We were able to confirm genera in all cases and further refine species identity from whole-genome data. Culture sample ZCC17 (Coded Samples 5 and 6) was originally identified as T. filiformis; however, whole-genome sequencing placed this organism closest to T. thermophilus HB8 (NC_006461.1). M. ruber (Coded Samples 11 and 12) was confirmed as closest to reference sequence NC_013946.1; however, there is a clear genomic deletion or insertion evident between the reference and ZCC12.
Work is ongoing to analyze these genomes further.
DNA extracted using the PDQeX system can be used directly for whole-genome sequencing without further purification. DNA obtained using the PDQeX performed as well as DNA produced by more traditional methods, in this case the QIAGEN column purification system. The simplicity and minimal sample manipulation requirement of the PDQeX system make it an attractive option for obtaining DNA samples for highthroughput DNA sequencing studies.
FUTURE PERSPECTIVE
Sample preparation is key to successful sequencing. Sequencing will be applied to increasingly more biological, commercial and diagnostic problems. The PDQeX is a viable system for preparing quality samples rapidly, cheaply and with minimal chance of sample contamination through reduced operator handling. Its simplicity lends itself to automation and upscaling. In the future, systems like the PDQeX that transform and accelerate sample preparation will become standard in the laboratory. These systems have the capacity to transform fields such as water quality testing, food safety and plant pathology to name a few. In addition, new, more simple and reliable methods for extracting nucleic acids from a sample are required to facilitate molecular testing at the point-of-care and in-field (point-of-need). We see development of new in-lab and point-ofneed applications accelerating in the next 5 years.
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